It has been recently suggested that listeners having a sensorineural hearing impairment (HI) may possess a deficit in their ability to integrate speech information across different frequencies. When presented with a task that required acrossfrequency integration of speech patterns, listeners with HI performed more poorly than their normal-hearing (NH) (2002) also showed that performance of the listeners with HI fell more steeply when increasing amounts of temporal asynchrony were introduced to the pair of widely separated patterns. In the current study, the correlations between the fluctuating envelopes of the acoustic stimuli were calculated, both when the patterns were aligned and at various between-band asynchronies. It was found that the rate at which acoustic correlation fell as a function of asynchrony closely matched the rate at which intelligibility fell for the NH listeners. However, the intelligibility scores produced by the listeners with HI fell more steeply than the acoustic analysis would suggest. Thus, these data provide additional support for the hypothesis that individuals having sensorineural HI may have a deficit in their ability to integrate speech information present at different frequencies.
M
any of the difficulties faced by listeners with a sensorineural hearing impairment (HI) of cochlear origin can be attributed to audibility, particularly in those listeners with only a mild hearing loss. However, when the loss is more severe, the processing of auditory signals is not normal, even when signal levels are raised such that sufficient audibility is provided. Examples of these suprathreshold processing deficits include broadened auditory tuning, abnormal growth of loudness, and possible disruptions to temporal processing (for review, see Moore, 1998) . Turner, Chi, and Flock (1999) suggested that these listeners might suffer from an additional deficit. The authors presented speech having reduced spectral cues to listeners with normal hearing (NH) and listeners with HI. In their study, the broadband spectrum was partitioned into frequency bands and the temporal amplitude pattern of each band was applied to a corresponding carrier band of noise. These amplitude-modulated noise bands were summed and presented to listeners. When presented with only one temporal pattern, the listeners with HI produced consonant recognition scores similar to those of the listeners with NH, in accord with previous work (Turner, Souza, & Forget, 1995) . However, when speech was represented by two or more contiguous amplitude-modulated noise bands, the listeners with HI performed more poorly than those with NH. This result led the authors to suggest that the listeners with HI may have been less able than those with NH to compare and integrate the temporal patterns present at different frequencies. Healy and Bacon (2002) further examined acrossfrequency processing by individuals with NH and HI. Instead of using consonants represented by broad patterns, Healy and Bacon used everyday sentences represented by a pair of narrow-band temporal patterns. These patterns (tones amplitude modulated by one-third-octave speech) produce intelligibility scores near zero when presented individually but can yield high intelligibility when presented in pairs (Healy & Warren, 2003) . Thus, any intelligibility resulting from the contrasting pair can be attributed directly to integration of the patterns across the two frequencies. The use of narrow-band patterns had other advantages: The large frequency separation of the band pair helped limit the influence of broadened auditory tuning. Furthermore, the limited spectral range combined with high presentation levels allowed full audibility to be provided for all listeners, despite the presence of substantial hearing impairments.
In agreement with Turner et al.'s (1999) findings, Healy and Bacon (2002) found that listeners with HI performed more poorly than listeners with NH on the across-frequency integration task: Intelligibility was lower for the listeners with HI when the pair of patterns was presented in synchrony. To examine the ability to tolerate disruptions in across-frequency information, the patterns were also presented with across-band asynchronies ranging up to 100 ms. Healy and Bacon found that performance fell as a function of asynchrony for both types of listeners but that performance fell more steeply for the listeners with HI, suggesting that their across-frequency processing mechanism is less tolerant of disruptions to the acrossfrequency cue and therefore less robust.
These differences between the listener groups could not be attributed to differences in listener age or fully accounted for by reductions in sensation level. Instead, performance on the across-frequency integration task was related to the degree of hearing loss. Because audibility and broadened frequency tuning were controlled for, Healy and Bacon (2002) concluded that this across-frequency processing deficit might exist in addition to other known deficits.
If the temporal fluctuations of the speech stimuli are correlated across the two frequency bands, as may be expected, it is reasonable to assume that this correlation will decrease as asynchrony between the pair increases. Although the particular degree of correlation between the bands is not of particular interest (indeed, if the correlation were 1.0, a second band would provide no unique information), the decrease in correlation as asynchrony increases may be viewed as a measure of disruption to the acoustic stimuli provided by asynchrony. This measure of acoustic signal degradation may then provide a guide for how intelligibility may be expected to change. In the current study, correlations between the envelopes of the fluctuating temporal speech patterns were calculated, both when the patterns were aligned and at various between-band asynchronies. The rate at which the acoustic correlation fell was then compared with the two different rates at which intelligibility fell.
Method
Pearson product-moment correlation coefficients were calculated for the envelopes of the speechmodulated patterns presented to listeners in the study by Healy and Bacon (2002) . The stimuli were based on the 100 Central Institute for the Deaf (CID) everyday American speech sentences (Davis & Silverman, 1978) . Temporal speech patterns were created by amplitude modulating tones by corresponding narrow bands of speech. The speech was first filtered to a onethird-octave band (96 dB/octave) having a center frequency of 750 or 3000 Hz. Each narrow speech band was then full-wave rectified and multiplied with a corresponding carrier tone on a sample point-by-point basis. (For processing details, see Healy & Bacon, 2002; Healy & Warren, 2003.) For the purposes of the current study, the envelopes of these temporal speech patterns were extracted by full-wave rectification and low-pass filtering at 100 Hz (a 300-order, finite impulse response [FIR] filter and 22050-Hz sampling yielded a slope angle of approximately 100 dB/octave). The correlation was calculated by comparing the high-frequency band and low-frequency band envelopes on a sample pointby-point basis. The correlation was calculated for the time-aligned patterns and also at each of the betweenband asynchronies used by Healy and Bacon (2002) : 12.5, 25.0, 50.0, and 100.0 ms. The correlation was calculated for both conditions in which the highfrequency band was delayed relative to the lowfrequency band and the low-frequency band was delayed relative to the high-frequency band.
To ensure that the correlation was not artificially lowered by comparing the speech envelope in one band with silence in the other, only the region of temporal overlap where a signal was present in both bands was examined. Furthermore, the coefficient was calculated for each sentence individually and the values for all 100 sentences averaged to eliminate the possibility that a sentence in one band was compared with a preceding or following sentence in the other band. All processing and calculations were performed in MATLAB.
Results
The upper panel of Figure 1 shows the acoustic correlations for the first five CID sentences, in both offset conditions (high-frequency band delayed and lowfrequency band delayed). Just as the intelligibility of individual sentences varies widely within a given condition, these correlations of individual sentences showed considerable variability. Values ranged from approximately .25 to .80 (when the two patterns were aligned in time) and generally fell as asynchrony increased. Also apparent in this panel is the fact that the correlations for individual sentences could vary considerably depending on which offset was applied. For three of the sentences, the correlation was higher when the high-frequency band was delayed (filled symbols), and for the other two sentences, the correlation was higher when the low-frequency band was delayed (unfilled symbols).
Also in accord with what is often observed in intelligibility testing, a remarkable averaging took place when the correlation values across all 100 sentences were calculated. The lower panel of Figure 1 shows that, on average, the temporal envelopes of the lowfrequency and high-frequency speech patterns were reasonably correlated (.46) when they were aligned in time. As expected, the mean correlation fell when increasing amounts of asynchrony were introduced to the band pair. By 100 ms, the correlation fell to essentially zero (-.05). Also apparent in this panel is the lack of difference, on average, between the two offset conditions. Because these offsets produced similar correlation values, they were averaged to produce a single correlation value at each asynchrony in the following analyses. Figure 2 shows the mean correlation values calculated in the current study, along with the intelligibility values produced by the human listeners in Healy and Bacon (2002) . The mean intelligibility values and standard errors are plotted identically in the top two panels. In the top panel, the scale of mean correlations is normalized to match the range of intelligibility values produced by the listeners with NH, and in the middle panel, the same correlations are shown scaled to the listeners with HI. 1 These data can be plotted in a different way: The bottom panel of Figure 2 shows the mean intelligibility scores for the two listener groups plotted relative to their score in the aligned condition, along with the mean acoustic correlation plotted relative to the correlation in the aligned condition. As can be seen, the rate at which the acoustic correlation fell as a function of asynchrony appears to match well the rate at which performance fell for the listeners with NH but appears to overestimate the performance of the listeners with HI. Because it is potentially difficult to interpret changes in intelligibility obtained from different baseline levels, the intelligibility values were transformed using the rationalized arcsine (Studebaker, 1985) . When these transformed intelligibility scores were compared with either the original or the Z-transformed correlation values, the correspondences shown in Figure 2 held. In addition, a subset of the listeners with HI in the Healy and Bacon (2002) study were identified as performing as well as their NH counterparts in the synchronous condition (their mean intelligibility score was 5% better than that of the NH group). Data from these well-performing listeners are compared with data from the listeners with NH and the acoustic correlations in Figure 3 . As can be seen, the acoustic correlations appear to match well the rate at which intelligibility fell for the listeners with NH but, again, overestimate the performance of the listeners with HI, despite equivalent performance in the baseline synchronous condition.
Additional calculations were performed to examine if the relationship between acoustic correlation and intelligibility was specific to the 100-Hz envelope smoothing value chosen. To examine the function describing acoustic correlation as the maximum temporal fluctuation rate of the speech envelope changes, the correlations were recalculated for envelopes extracted using low-pass smoothing values ranging from 25 to 400 Hz. The order of the digital FIR low-pass filter was varied across cutoff frequencies from 1100 to 200 to obtain a roughly constant slope angle of 100 dB/octave when measured from the cutoff to the noise floor.
As might be expected, the correlations were generally higher at the lower cutoff values where additional smoothing limited the envelope fluctuations to lower rates. It appears that the inclusion of the higher rate details of the speech envelopes, which were likely less correlated across bands, lowered the overall correlation value.
Of primary interest is the comparison between correlation and intelligibility, and Figure 4 shows the relative intelligibility and correlations across the various smoothing values (as in the lower panel of Figure 2 ). As can be seen, the correlations appear to match the performance of the listeners with NH well and overestimate the performance of the listeners with HI across a wide range of envelope smoothing values. An exception to this match between correlation and NH performance occurred at the smallest asynchrony (12.5 ms) at the higher cutoff values: An abrupt drop can be seen in this correlation at cut-off frequencies of 200 and 400 Hz.
To examine this abrupt drop in greater detail, the correlations were calculated in 1-ms increments of asynchrony up to 30 ms and in 2-ms increments above this value. Figure 5 shows these detailed correlation functions for each of the five envelope cutoff frequencies. As can be seen, correlation decreased monotonically as a function of asynchrony for the lowest two envelope cutoffs (where the correspondence between correlation and NH intelligibility was found to be best in Figure 4) . However, the functions for the highest two cutoffs show oscillations at regular intervals of 8 ms, which correspond to the average voicing frequency for these sentence recordings of 125 Hz. Thus, it appears that when the low-pass smoothing filter was raised so that voicing information was present in the temporal speech envelopes, the correlation first decreased as the voicing pulses across the two frequency bands fell out of alignment and then increased as the voicing pulses in one band fell into alignment with the preceding or following pulses in the other band.
The dotted vertical lines in Figure 5 indicate the asynchrony values that appear in the previous figures. As can be seen, the asynchrony values chosen by Healy and Bacon (2002) and plotted in Figures 1-4 correspond to a maximum of the oscillation pattern at zero (and also at 25.0 ms) and to a minimum at 12.5 ms. This coincidental selection of asynchronies that fell into maxima and a minimum in the detailed correlation functions appears to account for the abrupt drop in correlation at 12.5 ms in Figure 4 .
Discussion
When the correlation was calculated for the pair of speech-modulated patterns, considerable variability was observed across individual sentences. An analysis of individual sentence intelligibility versus individual sentence correlation showed little relation (r 2 = .09). This result indicates that it would not be correct to equate correlation with intelligibility. However, when the correlation values were averaged across sentences, the fluctuating temporal envelopes of the speech signal at 750 and 3000 Hz were reasonably correlated when in temporal synchrony, and correlation decreased in regular fashion to essentially zero as increasing amounts of asynchrony were introduced to the band pair. Thus, it appears that the reductions in mean correlation may provide, for these stimuli, a relative measure of signal degradation resulting from asynchrony.
It was found that the average correlation did not depend on the direction of the asynchrony: Nearly identical correlation values were obtained when the high-frequency band was delayed relative to the lowfrequency band, and vice versa. This result parallels the perceptual results of earlier work (Healy & Bacon, 2002) , in which it was found that the two offsets produced similar intelligibility scores. Healy and Warren (2003) found that these speechmodulated tones provided little or no intelligibility when presented individually, and Healy and Bacon (2002) found that 100 ms of asynchrony were sufficient to virtually eliminate the intelligibility resulting from the across-frequency integration of a pair of such patterns. It is interesting that the asynchrony at which the mean acoustic correlation fell to essentially zero in the current study matches this 100-ms value well. This correspondence between correlation and intelligibility was better for the listeners with NH and somewhat less apparent for the listeners with HI, who performed more poorly with less asynchrony. Thus, at least for the listeners with NH, there may be some correspondence between the complete loss of correlation of the acoustic stimuli and the complete loss of intelligibility. Healy and Bacon (2002) showed that listeners with HI performed more poorly than their NH counterparts on a speech recognition task that required accurate across-frequency integration. Their performance was poorer when the pair of speech-modulated patterns was presented in temporal synchrony, and performance fell more steeply when the stimuli were degraded through the introduction of between-band asynchrony.
The primary goal of the current study was to examine the rate at which correlations of acoustic speech envelopes fall as asynchrony increases and to compare this rate of change with the different rates of change produced by the two groups of listeners in Healy and Bacon (2002) . When the correlations were forced to fit one set of intelligibility values, then forced to fit the other (see the top and middle panels of Figure 2) , the match between correlation and intelligibility was better for the listeners with NH. This correspondence is perhaps more clear in the bottom panel of Figure 2 , where intelligibility and correlation are plotted relative to values in the aligned condition. These observations were confirmed by analyses in which performance in the synchronous baseline condition was accounted for (see Figure 3 ).
Because intelligibility for the listeners with NH fell at a rate roughly matching that at which acoustic correlation fell, it can be concluded that the performance of these listeners was in accord with the introduced acoustic disruption and that the participants performed as would be predicted on the basis of an analysis of the stimuli. However, the rate at which intelligibility fell for the listeners with HI appears to be greater than that at which the correlated fluctuations of the acoustic stimuli changed. This result indicates that reductions in performance of listeners with HI were not in proportion to the introduced acoustic disruption; performance fell more rapidly than the acoustic evidence predicted.
Thus, these data add to the evidence for a deficit: Not only did the listeners with HI perform more poorly than listeners with NH (Healy & Bacon, 2002) , but they performed more poorly than the acoustic stimuli predicted. The evidence gathered thus far seems to indicate that the across-frequency processing mechanism in listeners with HI is both less effective when dealing with intact (synchronous) across-frequency speech information and less robust, as indicated by a lowered ability to tolerate disruptions provided by asynchrony.
Much of what is known about the particular limitations associated with HI has come from psychoacoustic tests using simple tone and noise stimuli. Some of these limitations, such as broadened auditory tuning, are quite robust and can be observed across a variety of experimental paradigms. Other potential deficits, such as those involving temporal processing, are far more elusive and dependent on the particular paradigm used. Of particular relevance to the current study is the fact that psychoacoustic studies designed to investigate across-frequency processing in listeners with HI have not yielded entirely consistent results (cf. Healy & Bacon, 2002) . However, it should be noted that even when the presence of a deficit is well established through tests involving simple stimuli, the influence it has on the perception of speech is not always clear.
In contrast to this usual pattern in which deficits are revealed in psychoacoustic examinations and then extended to speech processing, difficulties in acrossfrequency processing do not appear consistently in studies using simple stimuli (e.g. Bacon & Opie, 2002; Grose & Hall, 1994; Hall & Grose, 1993) . However, this deficit has been observed consistently in the small number of studies that have used speech-based stimuli. One obvious possibility for this discrepancy involves the increased complexity associated with speech stimuli and the increased processing required for an accurate response.
